In this paper, I study the branching ratio of the rare radiative decay B s → ννγ in the framework of the Fourth-Generation Standard Model and the TwoHiggs-Doublet Model. It is shown that this quantity is a very effective tool for establishing new physics beyond the Standard Model. It is observed that there is a region in the parameter space in both extensions of the Standard Model for which the branching ratio show considerable departure from the Standard Model.
Introduction
The rare radiative decay B s → ννγ of the neutral B s meson into a νν−pair and a radiatively emitted photon γ is described in the Standard Model through the effective Lagrangian
which is determined by one Wilson coefficient having the Standard Model value
Here, m t and m W are the mass of the top quark and the W boson, respectively, and α, G F , Θ W are the fine structure constant, the Fermi constant and the Weinberg angle. The V ij 's are the CKM matrix elements. The hadronic matrix element which is relevant to this process can be parametrized in terms of two gauge invariant and independent form factors f and g as follows These form factors f and g have been calculated in QCD by Korchemski et al. [1] and have the form
where R s is a parameter related to the light cone function of the B s meson, E γ is the photon energy and f Bs is the decay constant of B s . The equality of f and g is valid up to corrections of order (Λ QCD /E γ ) 2 . The normalization of these form factors has an uncertainty estimated to be 20% − 30%. However, it will be possible to reduce this uncertainty if the decay B + → e + νγ is detected since it depends on the same form factors f and g. The photon energy spectrum can be calculated straightforwardly
Up-like quark Down-like quark Charged lepton Neutral lepton u d e ν e c s µ [2] , the effects of a fourth generation top quark t ′ onto the branching ratio were analysed. Since I will study the decay B s → ννγ in the Fourth-Generation Standard Model and the Two-Higgs-Doublet Model, let me summarize the current status about possible existence of the fourth generation quarks and leptons and the charged Higgs particle.
The Standard Model of elementary particles contain three copies of generations differing only in the mass (see Table 1 ). Until today, there is no theoretical explanation why there are only three generations with light neutrinos. There are a lot of papers discussing possible extra generations with new type of quarks and leptons. However, the properties of fourth generation quarks and leptons are restricted by electroweak precision data. The precision measurements of the invisible width of Z bosons prove that there exist only three light neutrinos, namely ν e , ν µ , and ν τ and that a fourth generation neutrino N must have mass m N M Z /2 [3] . Precision measurements of other Z observables when compared with calculations of radiative corrections exclude the existence of the fourth generation of fermions in the case when the fourth neutrino N is heavy with mass M N 100 GeV [3] . However, as was shown, the radiative corrections become small if m N ∼ m Z /2. Thus the existence of a fourth generation with charged lepton and quarks being heavy with mass M 100 GeV but with 'light' neutrino of mass The Standard Model of elementary particles needs a Higgs doublet to produce the mass of the known elementary particles. Although this Higgs particle is not detected yet, there are a lot of papers discussing the possibility of more than one Higgs particle. In this paper, I only regard the Two-Higgs-Doublet Model. Although I will present the Two-Higgs-Doublet model in section 3, let me mention in this introductory part that this extension of the Standard Model contain the two free parameters tan β and the charged Higgs mass m H + . Actually, they are not arbitrary. They are restricted to (see section 3)
and
The aim of this work is to analyse measurable phenomenological effects of fourth generation quarks and leptons and the charged Higgs particle on the branching ratio of the rare radiative decay B s → ννγ of the neutral B s meson. These heavy extra generation quarks and leptons and the charged Higgs particle are not decoupled from low energy processes, giving therefore potentially important effects on the branching ratio of this decay.
This paper is organized as follows. In section 2, using the effective theory of weak decays I study this decay B s → ννγ in the Fourth-Generation Standard Model. In section 3, this decay is studied in the Two-Higgs-Doublet Model. In section 4, I present and discuss the results.
B s → ννγ in the Fourth-Generation Standard Model
The rare radiative decay B s → ννγ of the neutral B s meson is described by the effective Hamiltonian
where the full set of the operators O i (µ) and the corresponding expressions for the Wilson coefficients C i (µ) in the Standard Model are given in [5] . No new operators appear and clearly the full operator set is exactly the same as in the Standard Model. It is possible that the new quarks and leptons produce new local operators, but in this paper, only their contributions to the Wilson coefficients are regarded, via virtual exchange of the fourth generation quarks and leptons. Thus the effective Lagrangian has the same form as in Eq. (1) 
The Wilson coefficient C 4G was analytically calculated in [6] C 4G (x j , y i ) = − 1 8
where we have defined x j ≡ m 
Hence, the effective Hamiltonian for this rare radiative decay B s → ννγ simplifies to
with C SM4 as in Eq. (7). The corresponding matrix element is given by
where q 2 = (p 1 +p 2 ) 2 and p 1 and p 2 are the final neutrino four momenta. The matrix element γ(q)|sγ µ (1 − γ 5 )b|B(q + p) can be parametrized in terms of the two gauge invariant and independent form factors f (p 2 ) and g(p 2 ) as in Eq. 3. Here, ε µ and q µ stand for the polarization vector and momentum of the photon, p + q is the momentum of the B s meson, g(p 2 ) and f (p 2 ) correspond to parity conserved and parity violated form factors for the B s → ννγ decay. The branching ratio of this rare radiative decay can be calculated straightforwardly
where the expression I is given as the following integral
Here x = 1 − x γ where x γ = 2E γ /M Bs is the normalized photon energy. The branching ratio (11) versus x γ is plotted in Fig. 18 and 19 . The form factors f (p 2 ) and g(p 2 ) were taken universal form desired in Ref. [1] with a modification reflecting B * −dominance at low x γ [9] f (x γ ) = g(x γ ) = 1 3
Thereby, f Bs is the B s decay constant andΛ s = m Bs − m b will be taken to have the nominal value 0.5 GeV. Neclecting the fourth generation contributions, we obtain for the branching ratio in the Standard Model
This is in the same order as values obtained earlier. In [7] the branching ratio for the decay B s → ννγ in SM was found to be of the order of 10 −8 . In [8] the branching ratio in SM with three generations was calculated to Br(B s → ν iνi γ) ≈ 7.5 × 10 −8 . These papers used form factors of dipole form based on light cone QCD sum rules.
We define the ratio
In order to obtain quantitative results we need the value of the fourth generation CKM matrix element |V * t ′ s V t ′ b |. Following [10] , we will use the experimental results of the decays Br(B → X s γ) and Br(B → X c ev e ) to determine the fourth generation CKM factor V * t ′ s V t ′ b . In order to reduce the uncertainties arising from b quark mass, we consider the following ratio
In leading logarithmic approximation this ratio can be written as 
It is definedm c = . Solving Eq. (13) for V * t ′ s V t ′ b and taking into account (7) and (14), we get
3 B s → ννγ in the Two-Higgs-Doublet Model
In this section, I want to analyse the rare radiative decay B s → ννγ within the TwoHiggs-Doublet-Model (2HDM). As in the case of the Fourth-Generation-StandardModel, I discuss the effects of the charged Higgs particle of the 2HDM on the branching ratio of this decay. So, first of all, let me summarize the main ideas of the Two-Higgs-Doublet-Model. I briefly review some generalities of the 2HDM; for a more complete treatment, I refer the reader to Ref. [11] and references therein. The Two-Higgs-Doublet model is essentially the SU(2) L × U(1) Y Standard Model, modified by the extension of the Higgs sector to include two scalar isodoublets Φ 1 and Φ 2 , which we write in component form as
The Yukawa couplings of the scalars and fermions are constrained by the requirement that there be no flavor changing neutral Higgs interactions. As explained in Ref. [11] , a necessary and sufficient condition for the elimination of flavor changing neutral interactions in the Higgs sector is that each quark of a given charge must receive its mass from at most one Higgs field. One finds then that there are two possible arrangements for the Yukawa couplings: one may either couple all of the fermions to a single Higgs doublet (giving what is known as the "type I" model), or one may couple Φ 1 to the right-handed down-type quarks, and Φ 2 to the right-handed up-type quarks. Here, we will consider the latter possibility. Imposing the discrete symmetry Φ 2 → −Φ 2 , (u, c, t) R → −(u, c, t) R is enough to ensure that the Yukawa couplings have the correct form. The Yukawa Lagrangian has the form
where l i,L and q i,L are the left-handed lepton and quark doublets, U and D are the quark mass matrices, and Φ c 2 = −iσ 2 Φ * 2 . The Higgs potential, as in the standard model, has its minimum at non-zero values of the fields Φ 1 and Φ 2 . After applying the requirement that there be no flavor changing neutral interactions, one finds that the vacuum expectation values (VEVs) can be chosen both real and positive:
After diagonalizing the Higgs mass matrix, one finds that the fields φ 
and it is a free parameter of the model. The quantity tan β plays a central role in the theory because the Yukawa couplings are often proportional to either tan β or cot β. The interaction Lagrangian between the charged Higgs bosons fields and fermions is given by
where h.c. means the hermitian conjugate of the first term in the Lagrangian. Here, H + represents the charged physical Higgs field. U L and D R represent left-handed up and right-handed down quark fields. N L and E R are left-handed neutral and right-handed charged leptons. M D , M U , and M E are the mass matrices for the down quarks, up quarks, and charged leptons, respectively. V CKM is the CabibboKobayashi-Maskawa matrix.
From Eq. (17), it follows that the box diagrams contribution to the process b → sνν in 2HDM are proportional to the charged lepton masses; and therefore, they are giving a negligible contribution. Hence, the transition b → sνν can only include extra contribution due to the charged Higgs interactions. The charged Higgs contribution (see Diagram 17) modify only the value of the Standard Model Wilson coefficient C SM , and it does not induce any new operators (see also [12, 13] ). 2HDM contains only the two free parameters of the 2HDM, namely the mass m H + of the charged Higgs particle and tan β. In Fig. 9, I have plotted the 2HDM Wilson coefficient C 2HDM versus m H and tan β in the allowed ranges (see Eq. (3) and (5) 
where the 2HDM Wilson coefficient C 2HDM is given in Eq. (18) . The constraints on tan β are usually obtained from
, and semileptonic b → cν τ τ decay which are given by [14] as 0.7 ≤ tan β ≤ 0.51
A lower bound for the charged Higgs mass comes from the virtual Higgs contributions to b → sγ as
Furthermore, there are no experimental upper bounds on the mass of the charged Higgs boson, but one generally expects to have m H < 1 TeV in order that perturbation theory remain valid [15] . For large tan β the most stringent constraints on tan β and m H + are actually on their ratio, tan β/m H + . The current limits come from the measured branching ratio for the inclusive decay B → Xτν, giving tan β/m H + < 0.46 GeV −1 [16] , and from the upper limit on the branching ratio for B → τν, giving tan β/m H + < 0.38 GeV −1 [17] . We also define 
The fourth generation Wilson coefficient
2 is plotted in Fig. 1 . The Fig. 2 show C 4G versus x for y → 0. Fig. 3 show C 4G versus y for x → 1. Fig. 4 show C 4G versus x for m L = 100, 150, 200. In Fig. 5 , R SM4 versus m U for m L = 0 is plotted. The plot in Fig. 10 shows R 2HDM versus 200 GeV ≤ m H + ≤ 500 GeV and 0.7 ≤ tan β ≤ 8. R 2HDM tends to unity in the decoupling limit tan β → ∞ and m H + → ∞. In Fig. 6 , the Wilson coefficient C 2HDM versus tan β for m H + = 200, 300, 400, 500 is plotted. The smaller tan β is, the greater C 2HDM deviates from zero. The greater tan β is, the more C 2HDM tends to zero. In Fig. 7 and 8, C
2HDM
versus m H + for tan β = 0.7, 1, 10, 50, 100 is plotted. Fig. 9 shows C 2HDM as a function of m H + and tan β. In Fig. 11, I have plotted R 2HDM versus tan β for m H + = 200, 300, 400, 500. The smaller m H + is, the greater R 2HDM deviates from unity. R 2HDM tends to unity for m H + → ∞.
Conclusion
In this work, I study the rare radiative decay B s → ννγ of the neutral B s meson into a νν−pair and a radiatively emitted photon γ in the framework of the FourthGeneration Standard Model and the Two-Higgs-Doublet Model. I have observed that the ratios R SM4 and R 2HDM deviate from unity for certain values of the parameters. The investigation of this decay in other extensions of the Standard Model is left for future work. 
